Summary
We have studied the kinetics of transcription through a nucleosome core. RNA polymerase transcribes the first -25 bp of nucleosomal DNA rapidly, but then hits a barrier and continues slowly to the nucleosomal dyad region. Here, the barrier disappears and the transcript is completed at a rapid rate, as if on free DNA, indicating that histone octamer transfer is completed as polymerase reaches the dyad. If DNA behind the polymerase is removed during transcription, the barrier does not appear until the polymerase has penetrated up to 15 bp farther into the nucleosome.
On a longer template, the barrier is almost eliminated.
We have shown previously that the octamer is transferred around the transcribing polymerase via an intermediate containing an intranucleosomal DNA loop. Our results exclude the possibility that polymerase has difficulty breaking histone-DNA contacts and suggest instead that polymerase pauses because it has difficulty transcribing DNA in the loop.
Introduction
The nucleosome core represents the first level of compaction of DNA in the nucleus. It contains about 145 bp of DNA in one and three quarter turns tightly wrapped around a central histone octamer comprising two molecules of each of the core histones (H3, H4, H2A, and H2B) (see Richmond et al., 1993; Arents and Moudrianakis, 1993) . Histone Hl binds at the point where the DNA enters and exits the nucleosome core and also to the DNA that links adjacent nucleosome cores. In vivo, nucleosomal filaments are highly compacted within the nucleus. Hierarchical levels of DNA compaction in chromatin apparently present a problem of accessibility for proteins involved in DNA metabolism. We are interested specifically in how transcription occurs in chromatin, and we have focused on the problem of how RNA polymerase transcribes through nucleosomes.
The compact nature of the nucleosome core is sterically incompatible with transcription: disruption of histone-DNA contacts is necessary because the entire elongation complex must rotate with respect to the DNA helix once every 10 bp as the transcript is synthesized (for reviews see Felsenfeld, 1992; van Holde et al., 1992; Morse, 1992; Kornberg and Larch, 1991, 1992; Travers, 1994; Paranjape et al., 1994; Lewin, 1994) . Electron micrographs of transcriptionally active genes indicate that RNA polymerase is able to transcribe through nucleosomes in vivo, because nucleosomes were observed immediately in front of and immediately behind elongating polymerases (McKnight and Miller, 1979; de Bernardin et al., 1986; Bjorkroth et al., 1988) . There is also biochemical evidence indicating that active genes have a nucleosomal conformation (e.g., Cavalli and Thoma, 1993) , although they are partially depleted of histone Hl (e.g., Kamakaka and Thomas, 1990; Postnikov et al., 1991) . Thus, either the nucleosome must undergo a transient conformational change to open up sufficiently to allow passage of polymerase, or it must be displaced, removing the obstacle altogether.
Pioneering studies have shown that RNA polymerases can transcribe through a nucleosome core in vitro (Larch et al., 1987 (Larch et al., , 1988 Losa and Brown, 1987) . Recently, we described a model system for investigating the mechanism of transcription through a nucleosome core in vitro, using a short template (227 bp) with a promoter for bacteriophage SP6 RNA polymerase at one end and a nucleosome-positioning sequence at the other. We showed that the octamer is translocated from one end of the template to the other as a result of transcription, stepping around the transcribing polymerase, and that it is not released from the template during this transfer (Studitsky et al., 1994) . Nucleosome transfer as a result of transcription has been confirmed independently (C'Donohue et al., 1994) . To explain these observations, we proposed a "spooling" model for transcription through a nucleosome core: as the polymerase approaches the nucleosome core, proximal nucleosomal DNA begins to uncoil, exposing some of the DNA-binding residues of the histone octamer. These residues then form contacts with the DNA behind the polymerase, resulting in an intranucleosomal DNA loop. Nucleosomal DNA ahead of the polymerase continues to uncoil as the polymerase progresses and the DNA behind coils up around the octamer, eventually resulting in the translocation of the octamer around the polymerase, and the transcript is completed (Studitsky et al., 1994 ; see Figure 5 ). Because transfer is direct, the octamer must be in contact with the DNA behind the polymerase (its destination) before it releases the DNA that it was originally bound to. This "bridging complex" intermediate is composed of a transcribing polymerase bound to a loop of DNA within the nucleosome core.
In this paper, we investigate the kinetics of transcription through the nucleosome to learn more about the mechanism and the intermediates involved, Earlier studies have described the tendency of RNA polymerase molecules (both prokaryotic and eukaryotic) to pause during tran-scription of nucleosomal templates in vitro (Williamson and Felsenfeld, 1978; Wasylyk and Chambon, 1979; Morse, 1989; lzban and Luse, 1991; O'Neill et al., 1992 of the set of lanes for core 2 was adjusted such that the template DNA band wasapproximatelyequal in intensity to the template DNA band for core 3. The 14-mer RNAformed in arrested complexes is indicated. In the free DNA lanes, there are some transcripts that do not chase to full length: these bands were not present in later experiments (e.g., Figure 4 ) and were later attributed to UV damage of the template during fragment isolation in the presence of ethidium bromide; presumably, polymerase cannot transcribe through the damaged regions. Lane M, RNA markers (sizes are indicated at left). Lanes A and C, RNA sequencing reactions using 3'dATP and 3'-dCTP, respectively. (B) Phosphorimager scans of lanes corresponding to 1 min of transcription of templates 2, 3, and free DNA from a gel similar to that shown in (A) but electrophoresed to optimize resolution. Scans were normalized using the labeled DNA (peak C) to correct for losses. Figure  3C ). The effects on the pausing pattern of removing DNA from behind the arrested polymerase were assessed by analyzing time courses of transcription similar to those shown in Figure  2A . To simplify presentation, phosphorimager scans of only the lanes corresponding to 1 min of transcription from each time course are shown in Figure  3B . Figure  4A ). Nucleosomal templates were analyzed using the restriction enzyme protection assay ( Figure  4B ). the map is presented in Figure  4A ). der of nucleosomal DNA again at a rapid rate. Relief of inhibition occurs as the polymerase enters the dyad region. The simplest explanation for these observations is that the octamer is an obstacle to transcription until it translocates and that this transfer is completed as the polymerase reaches the dyad region, leaving histone-free DNA ahead of the polymerase that is rapidly transcribed.
A Barrier to Transcription within the Nucleosome Core What is the nature of the nucleosomal barrier to polymerase? The barrier might simply represent the histone-DNA contacts that must be disrupted. Surprisingly, this is not the case because the contacts in the first 25 bp of the core are broken by polymerase without pausing. Furthermore, the next set of contacts cannot be intrinsically more difficult to break because they are broken without pausing on the shortened templates and on the long template. Alternative models focus on the role of the intranucleosomal loop during octamer transfer: the model in which polymerase must await loop formation and octamer transfer before it can continue is excluded by the experiment with the shortest template, made by cleaving the DNA immediately behind the arrested polymerase: the few base pairs left behind the polymerase would not be enough to complete the loop and the polymerase should be unable to continue, but it does. Thus, the most plausible explanation for pausing is that the barrier appears when the intranucleosomal DNA loop is formed. In this model, polymerase bound in the loop is sterically prevented from rotating around the DNA duplex, causing it to pause. Thus, polymerase invades the first -25 bp of nucleosomal DNA with ease because loop formation (which requires the formation of new histone-DNA contacts behind the polymerase) can occur only after some of the existing histone-DNA contacts have been broken. On the shortest templates, polymerase continues up to 15 bp farther into the core before it is forced to pause because until then there is insufficient (1) RNA polymerase (RP) initiates transcription at the promoter(P) on the 227 bp template and begins to synthesize a transcript. DNA in the elongation complex is severely bent (Rees et al., 1993) . Nucleosomal DNA is shaded. The drawing is roughly to scale. (2) RP rapidly transcribes the first 25 bp of the core causing dissociation of this DNA from the octamer. (3) The DNA behind RP binds to the exposed surface oftheoctamertoformaloop;furthermovement of RP is severely inhibited due to steric inhibition of rotation of RP within the loop: pausing is observed.
(4) The DNA behind RP dissociates from the octamer, thus breaking the loop, and RP continues into the core. The loop might be formed and broken several times (not shown). (5) Eventually, RP penetrates -60 bp into the core, the final loop is formed (6) and then is broken ahead of RP (7) as octamer transfer is completed by DNAspooling.
(8) RP transcribes rapidly to the end of the template.
DNA behind the polymerase to form the loop. In contrast, heavy pausing is not observed anywhere on the long template, because here a much larger loop is formed, making it possible for polymerase to rotate in the loop. We therefore propose that polymerase pauses when the loop is small because it is unable to rotate. In contrast, a large loop facilitates rotation of the polymerase, and it transcribes rapidly through the nucleosome core.
Mechanism of Transcription
through the Nucleosome Core We suggest the following sequence of events during transcription through the nucleosome core ( Figure 5 ): RNA polymerase invades the first 20-25 bp of the core without hindrance, perhaps aided by positive supercoiling preceding the polymerase (discussed by Studitsky et al., 1994) . At this point, a loop forms as a result of interaction between the exposed octamer surface and the DNA behind the polymerase. Loop formation should be facilitated by severe bending of DNA in the polymerase elongation complex (70°-140°; Rees et al., 1993) . Polymerase attempts to continue transcription of DNA in the loop but, if the loop is small, rotation of polymerase is not possible and it must wait until the loop breaks. Eventually, the loop breaks, perhaps because of topological stress in the loop generated as polymerase attempts to rotate and a torsional force is applied to the relatively weak histone-DNA interaction anchoring the DNA behind the polymerase to the octamer. Polymerase continues until the loop forms again and it is forced to pause once more. This cycle of abortive octamer transfer, which is responsible for most of the pausing by polymerase, is repeated until polymerase penetrates almost to the dyad (-60 bp into the core), at which point the final loop is formed. This time, the loop breaks ahead of the polymerase rather than behind it because the histone-DNA interactions ahead are now weaker than those behind, and the octamer is successfully transferred to DNA behind the polymerase. The destination of the octamer of Transcription through a Nucleosome Core 25 (the transfer distance) is determined by the relative probabilities of interaction of different DNA segments behind the polymerase with the octamer in this final loop intermediate. Thus, the longer the DNA the more choices of destination the octamer has: on the 227 bp template the octamer transferred -80 bp upstream to the end of the template (Studitsky et al., 1994) ; on the 353 bp template described here, most octamers transferred -200 bp upstream; and on a plasmid (Clark and Felsenfeld, 1992 ) the octamer transferred to many different destinations all over the plasmid. In all cases, the size of the loop is given by the distance of octamer transfer plus the amount of DNA unwound from the core. The latter is an unknown quantity but simple modeling (data not shown) suggests that even the smallest transfer (17 bp) is likely to involve a loop of 50-60 bp. Octamer transfer is effected through DNA spooling: DNA ahead of the polymerase unwinds from the core and DNA behind the polymerase winds back onto the octamer. DNAspooling might be driven bypositivesupercoiling ahead of the polymerase (facilitating the unwinding of negatively supercoiled nucleosomal DNA) and negative supercoiling behind the polymerase (facilitating the winding of DNA behind the polymerase around the octamer). Finally, polymerase completes the transcript on what is now free DNA.
In conclusion, our observations are strikingly consistent with the predictions of the spooling mechanism we proposed earlier (Studitsky et al., 1994 ; see Figure 5 ).
Nucleosome-Induced
Pausing by Polymerase The rate of transcription by prokaryotic and eukaryotic RNA polymerases in vitro is reduced 2-to lo-fold on nucleosomal templates (Williamson and Felsenfeld, 1978; Wasylyk and Chambon, 1979; Morse, 1989; lzban and Luse, 1991; O'Neill et al., 1992) . On templates containing reiterated positioning sequences, pausing by T7 RNA polymerase was enhanced at the same sites that induced pausing on the nucleosome-free template (O'Neill et al., 1992) . This was also observed for RNA polymerase II (Izban and Luse, 1991) , suggesting that nucleosomessimply increase the probability of pausing inherent in DNA sequence. In our study, although most of the nucleosomeinduced pausing sites also coincide with sites in free DNA, the use of uniquely positioned cores revealed that pausing is confined to a specific region within the core where sequence effects are enhanced. This pattern was not observed by others, perhaps because their cores were not uniquely positioned. If so, the pausing pattern they observed could represent an average of the patterns specific to each of several overlapping positions.
Transcription
In Vivo How could the spooling mechanism work for eukaryotic RNA polymerases that are much larger than SP6 polymerase? The structures of RNA polymerase I (Schultz et al., 1993) and RNA polymerase II (Darst et al., 1991) are similar to those of T7 and SP6 polymerases (Sousa et al., 1993) in that the DNA-binding cleft is located at the tip of the enzyme. This feature would allow these large enzymes to interact with the relatively small DNA loop formed during nucleosome transfer. The polymerase II elongation complex probably also contains bent DNA (Darst et al., 1991; Kornberg and Larch, 1991) , which would facilitate formation of the intranucleosomal loop. The DNase I footprint of the polymerase II elongation complex is longer (40-55 bp; Linn and Luse, 1991) than that of a phage polymerase (15-21 bp; Sastry and Hearst, 1991) . Thus, the great& size of polymerase II suggests that nucleosome-induced pausing will be exacerbated in small intranucleosomal loops due to more acute steric restrictions on rotation. However, it is also possible that the larger size of polymerase II might have the opposite effect: it might block the formation of smaller loops, requiring larger loops to be formed, which could alleviate pausing.
Nucleosome-induced pausing could be a serious problem in vivo because many eukaryotic genes are extremely long and polymerase II would have to negotiate many nucleosomes.
Thus, there is likely to be a mechanism to prevent nucleosome-induced pausing in vivo. Our study suggests that this might be achieved by transfer of the octamer over a relatively long distance. Alternatively, nucleosomes on active genes might be modified to facilitate transfer once the loop is formed, thus reducing pausing by polymerase to a minimum. Possibilities include acetylation of core histones (Csordas, 1990; Turner, 1991) were purified by electroelution from agarose gels and end labeled using Klenow fragment. The plasmid used as competitor was pBSl100 (Studitsky et al., 1994) .
Isolation of Nucleosome Cores Cores were formed on end-labeled DNA fragments using purified chicken erythrocyte core histones at a ratio of -0.8 histone octamer per fragment by salt-urea dialysis and separated from free DNA in preparative nucleoprotein gels (Studitsky et al., 1994) . Nucleosomal and DNA bands located by autoradiography of the wet gel were excised, crushed, and eluted in 2 vol of 10 mM HEPES (pH 8.0), 1 mM Na-EDTA, 150 pg/ml BSA at 4% on a rotator overnight. Gel pieces were removed by a brief microfuge spin, and concentrations of isolated cores were determined using the specific activity. Siliconized tubes (PGC Scientific) were used in all experiments.
Cores were stored at 5-10 pglml at 4OC. In our hands, nucleosome core dissociation at concentrations at or above 1 pglml is completely suppressed in siliconized tubes with BSA present at 15 vglml or more, presumably because adsorption of histones to the tube wall is minimized. It should be noted that the use of nonsiliconized tubes leads to transcription-dependent histone losses.
In Vitro SP6 RNA polymerase was purified as described by Jorgensen et al. (1991) . The final enzyme preparation had a specific activity of 6 x 1 O6 Ulmg protein and was >95% pure as judged by protein electrophoresis. Arrested elongation complexes were formed by incubation of 0.02 ug of template DNA (cores or free DNA isolated from the same reconstitution mix) in 20 PI of transcription buffer (Studitsky et al., 1994) for 5 min at room temperature with 40 U (0.5 vi) of SP6 RNA polymerase with 0.5 mM ATP, 0.5 mM GTP, 3 uM UTP, and 10 f&i of [u-~*P]UTP at 3000 Cilmmol (New England Nuclear) (the final UTP concentration was 4.6 KM). Then samples were transferred to an ice bath for at least 15 min. Restriction digestions were at O°C for 1 hr with 10 U of Sfcl, 20 U of Sspl, or 40 U of Asel. For multiple reactions, arrested complexes were formed in a single tube and then aliquoted out (20 ~1). We added 20 pl of ice-cold transcription buffer containing NTPs (0.5 mM ATP, GTP and 1 mM UTP, CTP) to each aliquot to resume transcription.
After time intervals of 4 s to 10 min, the reactions wereeitherterminated byadditionof40fdof20mM EDTAor incubated for another 10 min after addition of 40 ~1 of 1% sarcosyl (Sigma). Arrested complexes formed on the 227* bp template were extended in a modified transcription buffer containing 45 mM Na-glutamate (pH 8.0) instead of 45 m M HEPES, and 6 mM magnesium acetate instead of 6 mM MgClz because complexes located very close to the nucleosome core were more stable under these conditions (data not shown). RNA was precipitated with ethanol, dissolved in formamide sample buffer, and analyzed in an 8% (19:l) polyacrylamide sequencing gel. A set of SP6 polymerase run-off transcripts derived from a mixture of different restriction digests of pB22 (20, 46, 90, 127, 194 , and 229 nt transcripts from digests using Aval, Seal, Bglll, Haell, Ncol, and Hindlll, respectively) was used as a marker. RNA sequencing markers were obtained by transcription of the DNA fragments (227 bp or 262 bp) in the presence of 50-l 50 uM RNA chain terminators (3'-dATP or 3'-dCTP (Sigma); Axelrod and Kramer, 1985) . Gels were quantitated using a phosphorimager.
